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Abstract: Grease is commonly used to lubricate various machine components such as rolling element 

bearings, open gears etc. Better understanding of the flow properties of grease will contribute to 

understanding the lubrication mechanism in bearings and flow in lubrication systems. In an earlier paper 

Micro Particle Image Velocimetry (µPIV) techniques were used to study the flow in a rectangular channel. 

The present paper is an extension of this work where restrictions were applied in such a channel, which 

creates a much more complex velocity field. The grease is seeded with fluorescent particles, which are 

illuminated by a double-pulsed laser. The test geometries that are used in this study are a channel with one 

flat restriction and one with two flow restrictions in a similar channel. The stationary grease mass-flow and 

the two dimensional velocity fields have been monitored for different pressure drops. For the channel with 

one flat restriction, the flow was measured to be symmetric at the inlet and outlet, and the distance for the 

flow to fully develop is comparable with the height of the channel; Slow motion was followed near the step 

corner at the inlet. For the channel with two flow restrictions, the vector profiles show that the maximum 

velocity appears at the restrictions; In-between the two restrictions, a part of the grease is not moving. This 

particularly applies to cases with low-pressure drop and where high consistency grease was used. 
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1. INTRODUCTION 

Compared to lubricating oil, grease has some 

advantages, e.g. easy to use since it does not easily 

leak out, it acts as a  seal, shows low friction and 

may have anticorrosion properties [1]. For this 

reason, greases are commonly applied for 

lubricating rolling element bearings. Unlike oil, 

grease consists of a multi-phase system (oil, 

additives and thickener) giving it a consistency, 

which is defined from the grease matrix resisting 

positional change [2] until the yield stress is 

reached.  

Grease lubricated rolling element bearings often 

run under starved elastohydrodynamic (EHD) 

lubrication conditions [3]. In general, the study of 

grease is very important to understand grease 

lubrication in rolling bearings (during the 

churning phase), lubrication systems and bearing 

seals, but also to sliding bearings. Radulescu et. al. 

[4,5] have investigated the flow in a Rayleigh step 

bearing geometry mainly with simulation 

methods. 

Micro Particle Image Velocimetry method (µPIV) 

has been proven a good method to study flows [6-

8]. The objective of this study is to better 

understand grease flow in a channel with different 

types of restrictions. Two new channels were used 



 

 

to investigate a more complex velocity field: one 

channel with one flat restriction to simulate grease 

flow in a step bearing (Figure 1e) and one channel 

with two triangular restrictions similar to a double 

lip seal geometry  (Figure 1f).  

1.1. Materials 

In the present study the Herschel-Bulkley 

rheology model is used: 

n

dy

du
K )(0 += ττ  ,                     (1) 

where K is the consistency of the grease, τ0 the 

yield stress, and n the power law exponent. Three 

lithium greases with different consistency have 

been used in this study.  They have been analyzed 

in a plate-plate rheometer and the Herschel 

Bulkley parameters are shown in Table 1[8]. It is 

observed that the NLGI00 grease shows 

Newtonian behaviour since its yield stress is 0 and 

n is 1. The NLGI1 and NLGI2 greases show non-

Newtonian (shear thinning) properties with a non-

zero yield stress value and the power law 

exponent less than unity. 

 
Table 1.  Rheology parameters for the greases based on 

the Herschel-Bulkley rheology model, Eq. (1) 

 

 τ0[Pa] K[Pa·s]
1/n 

n 

NLGI00 0 1.85 1 

NLGI1 189 4.1 0.797 

NLGI2 650 20.6 0.605 

 

1.2. Channel configuration and generation 
of grease flow 

The channel configurations used in this study are 

shown in Figure 1. The side walls, called bars 

here, are made of brass with an Ra value of 5.4 

µm. The channel configuration consists of a 

bottom steel frame plate to support the viewing 

glass plate, a middle (brass) plate where the side 

boundary bars are mounted to form the channel, 

and a top plate of anodized steel with the inlet and 

outlet connections. 

The grease flow is generated using an air pressure 

driven grease pump including a syringe, which is 

connected to the channel inlet via a flexible tube. 

The grease is doped with polymer, Rhodamine B, 

particles with a size of diameter 7.68µ are 

supplied by Micro particles GmbH. In order to 

measure the pressure at the inlet, a manometer is 

connected between the syringe and the channel 

inlet connection. The grease pump uses air 

pressure as the driving force, enabling a stable 

flow during the test, see Figure 1c. The channels 

have rectangular cross-sectional areas, and the 

configuration in Figure 1e is used to simulate flow 

in a step bearing, and the configuration in Figure 

1f to simulate the flow in a double lip seal-like 

configuration. 

 

 

 

Figure 1a. Schematic drawing of the channel configuration. 

Width d=1.5 mm, height h=2mm, and length L=49 mm. 

From Westerberg et. al. [8] 

 

 
 

Figure 1b. Channel with manometer and syringe. From 

Westerberg et. al. [8] 

 



 

 

 
 

Figure 1c. Air pressure driven grease pump. 

 

 

 

Figure 1d.View from the bottom. From Westerberg et. al. [8] 

 

 

 
 

Figure 1e. The 'step bearing' configuration at the channel 

boundary (mm) 

 

 

 

 

 
 

 
 

Figure 1f. The double restriction configuration at the 

channel boundary (mm) 

Figure 1a-f. Channel with one flat restriction and 
Channel with two triangular restrictions (not to scale) 

1.3. The µPIV system 

The number of papers on visualisation and 

quantification of flow in micro structures is 

increasing. A method developed over the last 

decades is Micro-Particle Image Velocimetry 

(µPIV) [9]. The general conversion for µPIV is to 

illuminate the particle doped flow and take a 

sequence of double frame images for analysis 

using a cross correlation algorithm. The particles 

are assumed to follow the flow and are of a 

material which generates a satisfactory light signal 

for the cross correlation. The µPIV system used in 

this study is commercially available from Lavision 

Gmbh (figure 2). It consists of a double pulsed 

Nd:YAG laser from Litron, model Nano L PIV. 

The operating frequency ranges between 50 – 100 

Hz with an emitted wavelength of 536 nm. As 

recording device a Lavision Nano Sense camera 

with a spatial resolution of 1280x1024 pixels, was 

used. A Carl Zeiss Axiovert 200 microscope was 

used with a 5x/0.16 lens. Image acquisition is 

performed with the Davis 7.1 software, evaluation 

with the Davis 7.2, and post-processing with 

Matlab 2009. 

 
Figure 2. Overview of the µPIV equipment. From 

Nordlund et. al [6] 
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2. RESULTS AND DISCUSSION 

The results are presented mainly in terms of vector 

field plots and velocity profiles. Some more 

figures are used in order to describe the results 

more clearly. Three pressures between 0.3-2.5 bar 

have been applied to the greases. These are 

referred to low, medium and high pressure 

respectively. This was done in order to see how 

the flow rate changes with pressure. The flow 

rates were derived by integrating the velocity from 

the top of the restriction to the top of the channel 

at position 1 (Figure 1f).  

2.1. Channel with one flat restriction 

For the channel with one flat restriction, three 

positions are selected for measurements: inlet, 

steady flow on the step and outlet, which is shown 

in Figure 1e. Figure 3 shows some examples of 

measured velocity fields for the NLGI1 and 

NLGI2 grease. As expected, the velocity increases 

as grease flows into the narrow channel, and 

exhibits a constant (plug flow) profile across the 

step (Figure 3b), and then decreases at the exit of 

the restriction. The velocity profiles at different 

positions in the inlet and outlet zones were 

analyzed in more detail and are shown in Figure 4. 

In this figure, the different plotted velocities are 

those measured at different positions, where the 

colours of the line-plots correspond to those of the 

lines in figure 3. At the inlet, the grease velocity 

distribution changes gradually from a wide plug 

flow to a more parabolic flow, inverted at the 

outlet. This indicates that the yield stress is 

reached in a large part of the restriction. The 

distance for the flow to develop from a wide 

steady plug flow to a fully developed narrow 

parabolic channel flow (and the other way around) 

was defined as the transition zone and has been 

calculated for both inlet and outlet zones, and the 

results are similar: 1.26 mm as shown in Figure 3a 

and c. The transition zone is between 1.2-1.5 mm 

for all three greases for pressure drops.  
 

  
 

 

a) 

 
b) 

 
c) 

 

Figure 3. Averaged velocity field for high pressure: a) 
NLGI2 at inlet b) NLGI1 steady flow at the step c) 

NLGI2 outlet 

 1.26 mm 

 1.26 mm 



 

 

 
 

a) 

 

 
b) 

Figure 4. Velocity profile at different position denoted by 
different colors respectively: a) inlet Figure 3a; b) outlet 

Figure 3c 

It is observed that there are slowly moving 

particles near the step bottom corner at the inlet, 

the area shown in Figure 5, which is defined as the 

stagnant core by Radeluscu et al. [4,5].  To 

investigate this phenomenon, a zoomed area with 

particles is studied. Only qualitative 

measurements are done since the velocity of the 

particles at the corner is very slow compared to 

the main plug flow in the channel, making it 

difficult to calculate the low velocities near the 

corner. From the observations of all tests it is 

concluded that the particles followed the main 

flow along the border of the stagnant corner area 

and passed through the step without moving into 

the stagnant corner as the blue arrows indicate. 

Within this stagnant corner area, it is observed that 

the NLGI00 grease at high velocity, exhibits 

minimal circulation, as the red arrows indicate. 

Tests on the NLGI1 grease with an extra high flow 

rate also shows this circulating flow but with 

several small vortices. The appearance of vortices 

can be coupled to the shear stress, which makes 

the grease flow for values higher than the yield 

stress. Therefore, it is likely that this circulating 

flow within the stagnant corner area will only 

occur with high enough stresses, i.e. at higher flow 

rates. No vortices could be detected at the outlet.  

 
Figure 5. Close up view of the inlet corner of the flat step, 

NLGI00 Grease. 

2.2. Double restrictions channel 

Considering the channel configuration with   

double restrictions, the maximum flow velocity is 

located above the two restrictions. As expected, a 

high-pressure drop resulted in a high velocity 

(Figures 6a and b). From Figure 6b it can be 

observed that grease flows closer to the boundary 

between the two restrictions due to the high 

velocity. For the NLGI00 grease, a flow can be 

observed down to the bottom between the two 

restrictions (Figure 6c).  

 
a) 



 

 

 
 

b) 

 
Figure 6. The averaged vector field for a) NLGI2 grease 
at low pressure; b) as in a) but with high pressure; c) 

NLGI00 grease at high pressure  
 

Figure 7 shows the velocity profiles for three 

greases at position 1 and position 2 (Figure 1f). 

More tests for NLGI1(0.3-2.5bar) and NLGI2(0.5-

4bar) have been done in order to investigate the 

flow depth (discussed later). When comparing 

velocity profiles for the three greases over the first 

restriction (position 1 in Figure 1f), it can be seen 

that NLGI00 grease has a more Newtonian flow 

profile compared to the NLGI1- and NLGI2 

grease, i.e. the velocity profile of the NLGI00 

grease has a parabolic-shape. At low flow rate 

(low pressure drop), the velocity profiles of the 

NLGI1- and NLGI2 grease exhibit nearly a plug 

flow over the first restriction, which is in 

accordance with the work of Westerberg et al. [8]; 

as the flow rate increases, the velocity profiles 

become more parabolic, corresponding to  

Newtonian behaviour. 

 The velocity profiles at the middle of the two 

restrictions (position 2 in Figure 1f) indicate that 

there are regions (marked in figure 6a) with no 

motion of the grease. As the NLGI number 

decreases or the flow rate increases, grease flow is 

detectable further down in the space between the 

two restrictions. In order to investigate this, the 

term flow depth is introduced. As shown in Figure 

1f, the red curve presents the border between the 

moving grease and the seemingly stationary 

grease, and the flow depth is defined by the 

distance between the straight line of the two tips 

of the two restrictions and the red curve at position 

2 (the red arrow line a-b). To calculate the flow 

depth, the velocity profiles in Figure 7 were used. 

The point a in Figure 1f is defined as the bottom 

point of the velocity profile at position 1. To 

determine point b in Figure 1f, a velocity of 9x10
-3
 

m/s was chosen for all three greases, below which 

the grease flow velocity was assumed negligible. 

The irregular velocity profiles at lower flow rates 

have not been included due to the noise in the 

velocity signal. The relationship between flow 

depth and flow rate is shown in Figure 8. For the 

NLGI00 grease, the flow depth is linear with flow 

rate as would be expected for Newtonian fluids 

[10]. The flow depths of NLGI00 are higher than 

that of NLGI1 and NLGI2 in all the tests and 

reaches to the bottom at flow rate 5.2 m
2
/s (the 

distance from the tip of the restrictions to the 

bottom is 0.6mm, Figure1f); more tests are needed 

to investigate flow depth at low flow rate of 

NLGI00 grease. For NLGI1 and NLGI2 grease, 

the flow depth and the flow rate have a 

logarithmic relationship; there is no penetration 

depth even though there is a flow rate when 

extrapolating the logarithmic line to the x 
coordinate. This could be explained by the 
rheological behaviour of the grease, i.e. the yield 

stress of the grease. Internal binding forces give 

grease a solid character [2], until the external 

stresses are beyond the yield stress, then the 

grease starts to flow. At low flow rates the flow 

depth is zero since the shear stress between the 

moving grease and the grease trapped in the area 



 

 

between the two restrictions is lower than the 

yield stress. Only when the flow rate is high 

enough, the grease between the two restrictions 

will start to move, which results in a flow depth. 

As a result, high consistency grease needs a high 

flow rate to induce flow down into the area 

between the two restrictions.  

If a contaminant particle is located in the 

stationary grease between the two restrictions at a 

relatively low velocity, the particle will start to 

flow and pass through the second restriction when 

the flow velocity increases, i.e. the flow depth 

increases. Therefore increasing grease flow 

velocities endangers contaminant particles that 

previously have settled in corners or in-between 

restrictions, to flow again.  

From Figure 3c, when the grease flows through 

the restriction, it becomes fully developed after 

some distance (1.26mm). Thus, it is expected in 

the double restrictions channel that, when the 

distance between the two restrictions increases, 

the grease flow will further develop and the flow 

depth will increase. 

 

 

 
a) 

 
b) 

 
c) 

Figure 7. Velocity profiles captured from Pos 1 (solid 
lines) and Pos 2 (dashed lines) as described in figure 1f:  
a) NLGI00; b) NLGI1; c) NLGI2. q is the integrated flow 

across the channel for each position. 
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Figure 8. Flow depth vs. integrated flow rate across the 
channel for NLGI00, NLGI1 and NLGI2. 



 

 

3. CONCLUSIONS 

 1. The grease flow is symmetric in the inlet and 

outlet zones for all three grease. The transition 

zones are about 1.2-1.5 mm, comparable to the 

height of the channel before the step, which is 1.5 

mm. 

 

2. In the corner area before the restriction, no flow 

is observed which is defined as the stagnant corner 

area, for NLGI2 greases while for NLGI00 and 

NLGI1 grease, at high velocity, a small circulation 

flow has been discovered.  

 

3. NLGI00 grease exhibits a parabolic velocity 

profile, (Newtonian fluid behavior) while the flow 

profile of higher NLGI number greases has a plug 

flow shape. As the velocity increases, these flow 

profiles change to more parabolic shapes. 

 

4. The flow depth, i.e. the penetration of flow in-

between the two restrictions, is linear with flow 

rate for the NLGI00 grease and follows a power 

law with flow rate for NLGI1 and NLGI2 greases: 

the higher the velocity, the deeper the flow depth. 

 

5. The grease flow will develop deeper in-between 

the two restrictions if the distance between them is 

larger.  
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